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a  b  s  t  r  a  c  t
Horseradish  peroxidase  (HRP)  is a high-demand  enzyme  for  applications  in  diagnostics,  bioremediation,
biocatalysis  and  medicine.  Current  HRP  preparations  are  isolated  from  horseradish  roots as  mixtures  of
biochemically  diverse  isoenzymes.  Thus,  there  is a strong  need  for a recombinant  production  process
enabling  a steady  supply  with  enzyme  preparations  of  consistent  high  quality.  However,  most  current
recombinant  production  systems  are  limited  at titers  in  the  low  mg/L  range.  In this  study,  we used
the  well-known  yeast  Pichia  pastoris  as  host  for  recombinant  HRP  production.  To  enhance  recombinant
enzyme  titers  we  systematically  evaluated  engineering  approaches  on the  secretion  process,  coproduc-
tion  of  helper  proteins,  and  compared  expression  from  the  strong  methanol-inducible  PAOX1  promoter,
the  strong  constitutive  PGAP  promoter,  and  a novel  bidirectional  promoter  PHTX1.  Ultimately,  coproduc-nzyme secretion
nfolded protein response
idirectional promoter
tion  of HRP  and  active  Hac1  under  PHTX1  control  yielded  a recombinant  HRP  titer of  132  mg/L  after  56 h
of  cultivation  in  a  methanol-independent  and  easy-to-do  bioreactor  cultivation  process.  With  regard  to
the  many  versatile  applications  for  HRP,  the establishment  of  a  microbial  host  system  suitable  for  efﬁ-
cient  recombinant  HRP  production  was  highly  overdue.  The novel  HRP  production  platform  in P.  pastoris
presented  in this  study  sets  a new  benchmark  for this  medically  relevant  enzyme.
©  2016  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-ND. Introduction
Horseradish peroxidase (HRP; EC 1.11.1.7) is a secretory plant
eroxidase that has been studied for more than two  centuries. Most
ommonly, HRP is employed as a reporter enzyme in diagnostic
its and histochemical assays (Krainer and Glieder, 2015; Krainer
Abbreviations: ABTS, 2,2′ azino-bis(3-ethylbenzthiazoline-6-sulfonic acid)
iammonium salt; BSM, basal salts medium; BMD1%, buffered minimal dextrose
edium; BMG1%, buffered minimal glycerol medium; BMGY, buffered mini-
al  glycerol yeast medium; BMM,  buffered minimal methanol medium; Ca-TBS,
alcium-supplemented tris-buffered saline; DWP, 96-deep well plate; GRAS, gener-
lly recognized as safe; HRP, horseradish peroxidase; PTM1, trace element solution;
z,  Reinheitszahl; UPR, unfolded protein response; YE, yeast extract; YNB, yeast
itrogen base.
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et al., 2016). More recent applications involve biocatalysis of poly-
merization reactions, biosensor and wastewater cleanup systems
and enzyme-prodrug therapy for cancer treatment (Krainer and
Glieder, 2015).
Despite the growing demand for a steady supply of consider-
able amounts of enzyme at consistent high quality, current HRP
preparations are typically isolated from horseradish roots as isoen-
zyme mixtures. Up to 42 different isoenzymes have been detected
by isoelectric focusing of commercial preparations (Hoyle, 1977).
Recently, we  published the sequences of 28 isoenzymes and found
them to show diverging substrate proﬁles (Krainer et al., 2013a,b;
Näätsaari et al., 2014). It has long been known that isoenzyme
expression patterns vary and seem to depend on so far poorly
understood environmental inﬂuences (Jermyn and Thomas, 1954),
negatively affecting the consistency of the quality of isolates. There-
fore, recombinant production of a single HRP isoform of choice with
deﬁned biochemical characteristics by a suitable host organism
presents an attractive alternative. However, current recombinant
production systems could not compete with the natural source so
far, mainly due to limited enzyme titers. Already back in 1988,
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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roduction of recombinant HRP was reported in Escherichia coli
Chiswell and Ortlepp, 1988). Until now E. coli seems to be the
referred host for HRP production even though inactive enzyme
equires inconvenient reactivation and refolding from inclusion
odies (Asad et al., 2013; Smith et al., 1990) and titers are low at
10 mg/L (Grigorenko et al., 1999). Owing to the presence of four
isulﬁde bridges in active HRP (Gajhede et al., 1997 Welinder, 1976)
nd glycosylation of the native enzyme (Welinder, 1979), eukary-
tic organisms might be more favorable production systems than
acterial ones. Apart from insect cell cultures (Segura et al., 2005)
r horseradish hairy root cultures (Flocco et al., 1998) most promi-
ent eukaryotic production hosts are yeast systems. HRP titers
rom Pichia pastoris were reported to be higher than from Saccha-
omyces cerevisiae but still in the lower mg/L range (Morawski et al.,
001, 2000), albeit under non-optimized production conditions.
he lesser-known basidiomycete yeast strain Cryptococcus sp. S-
 however was shown to produce 110 mg/L (based on a volumetric
ctivity of 171 U/mL) after 120 h of bioreactor cultivation (Utashima
t al., 2014).
Major advantages of using P. pastoris as an expression platform
re the well-established and ﬁne-tuned handling and production
rotocols as well as the status of its products being generally rec-
gnized as safe (GRAS).1 by the U.S. Food and Drug Administration.
igh titers of more than 18 g/L of secreted Trichoderma reesei cel-
ulase were recently achieved in P. pastoris (Mellitzer et al., 2014)
emonstrating the remarkable production capacities of this host.
owever, in order to adequately exploit these capacities for maxi-
um  yields of a target peptide, the system needs to be adjusted to
eet the needs of the respective target: Regarding the nucleotide
equence of an expression target, codon optimization has been
hown repeatedly to considerably affect production efﬁciency, e.g.
Abad et al., 2010b; Mellitzer et al., 2014).
In terms of transcript levels, the choice of a suitable transcription
egulation system is mandatory for maximum output (Vogl et al.,
015). The tightly regulated and strongly inducible promoter of the
lcohol oxidase 1 gene, PAOX1, is most commonly used in P. pastoris.
t is strongly repressed in the presence of carbon sources such as
lucose or glycerol and greatly induced upon addition of methanol
s the sole carbon source (Vogl and Glieder, 2013). Inducible pro-
oters allow protein production which is only initiated when cell
rowth is not mandatory any more, which is particularly advan-
ageous for the production of demanding (e.g. cytotoxic) target
roteins. On the downside, PAOX1-driven transcription requires an
nitial cell growth phase with glucose or glycerol and an induction
hase with hazardous methanol. Alternatively, strong constitutive
xpression of a target gene e.g. by use of PGAP might overload the
rotein production machinery during growth and impose a consid-
rable metabolic burden on the cells causing cell death and lysis.
his might be particularly true when additional recombinant target
enes are constitutively coexpressed simultaneously.
Most commonly, recombinant proteins from P. pastoris are efﬁ-
iently secreted by fusing the S. cerevisiae mating factor alpha
repro signal peptide to the N-terminus. The pre peptide is pro-
essed in the endoplasmatic reticulum, the pro peptide is further
leaved by the peptidases Kex2 and Ste13 at an Arg-Lys site and
n Glu-Ala repeats, respectively (Bourbonnais et al., 1988; Brake
t al., 1984). It has to be noted that processing by Ste13 is of lim-
ted speciﬁcity, resulting in heterogeneous N-termini (Bitter et al.,
984). Recently, a deletion mutant N57-I70 of the mating factor
lpha prepro signal peptide was reported to increase volumetric
RP titers by almost 60% (Lin-Cereghino et al., 2013).
1 https://www.accessdata.fda.gov/scripts/fdcc/?set=GRASNotices&id=204&sort
GRN No&order=DESC&startrow=1&type=basic&search=pichia%20pastoris (last
ccessed May  2016)hnology 233 (2016) 181–189
Proteins passing through the secretory pathway can be sub-
jected to several modiﬁcations. Peptides forming disulﬁde bridges
can interact with the protein disulﬁde isomerase, Pdi1, which acts
as a chaperone and promotes formation of correct disulﬁde bridges.
Hence, coexpression of PDI1 is a common approach to enhance
the titers of functional secretory proteins and has been performed
repeatedly, e.g. (Gasser et al., 2006; Inan et al., 2006). Alterna-
tively, upregulation of the unfolded protein response (UPR) can be
achieved by overexpression of an active form of the transcription
factor Hac1 (Valkonen et al., 2003). Under non-stress conditions, no
active Hac1 is translated from unspliced HAC1 mRNA due to attenu-
ation. Initiation of an unconventional splicing event is necessary to
allow translation of active Hac1 and was described in detail for Sac-
charomyces cerevisiae (Chapman and Walter, 1997; Kawahara et al.,
1997; Kimata et al., 2007). Inducible coexpression of the homolo-
gous spliced HAC1 gene of P. pastoris has been shown previously to
augment the production of some but not all recombinant proteins
(Guerfal et al., 2010; Vogl et al., 2014).
Another aspect to be considered when producing secreted pro-
teins in yeast is peptide glycosylation. Yeast-type glycosylation
is typically characterized by heterogeneous hypermannosylation
which causes proteins to appear as smear in SDS-PAGE (e.g.
(Dietzsch et al., 2011; Morawski et al., 2000)) and impedes down-
stream processing. We  recently dealt with this issue by generating
a P. pastoris strain with an inactivated key mannosyltransferase
(Och1) allowing for considerably more homogeneously glycosy-
lated HRP (Krainer et al., 2013a,b).
The aim of this study was to systematically evaluate a set of
strategies to increase the titers of recombinant HRP from P. pas-
toris. Based on initial data from high-throughput screenings we
performed bioreactor cultivations of the most promising strains
and for the ﬁrst time achieved HRP titers in the 100 mg/L range from
P. pastoris. Also, this is the ﬁrst description of a recombinant HRP
preparation from P. pastoris of high-end purity, i.e. at a Reinheitszahl
(Rz) of 3.
2. Materials and methods
2.1. Chemicals
2,2′-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) diammo-
nium salt (ABTS), D(+)-biotin and hemin were obtained from
Sigma-Aldrich (Austria). DifcoTM yeast nitrogen base w/o  amino
acids (YNB), BactoTM tryptone and BactoTM yeast extract (YE) were
purchased from Becton Dickinson (Austria). Glanapon DG  160
defoamer was  from Bussetti & Co (Austria). ZeocinTM was obtained
from InvivoGen (France). Other chemicals were purchased from
Carl Roth (Germany).
2.2. Strains and vectors
P. pastoris strains were based on the wildtype strain CBS 7435
(identical to NRRL Y-11430 and ATCC 76273). We  previously found
a strain with MutS phenotype to be superior over the Mut+ phe-
notype for HRP production (Krainer et al., 2012). Therefore, all HRP
production strains were based on a strain with aox1:FRT mutation
(PpMutS) (Näätsaari et al., 2012). In order to obtain homogeneously
glycosylated HRP we  used a strain with an additional och1:FRT
mutation (PpFWK3) as described recently (Krainer et al., 2013a,b).
For PAOX1-regulated HRP production, a pPpT4 alpha S-based
vector (Näätsaari et al., 2012) was used (Lin-Cereghino et al.,
2005), resulting in zeocinTM resistant transformants and HRP secre-
tion with the full length S. cerevisiae mating factor alpha prepro
signal peptide. Among the currently known 28 HRP isoenzymes
(Näätsaari et al., 2014), the isoform C1A has been described as the
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ost abundant isoenzyme in horseradish roots and has been the
soenzyme of choice in the vast majority of previous publications
n HRP, reviewed by (Krainer and Glieder, 2015). To facilitate good
omparability with previous studies, we thus decided on using the
RP isoenzyme C1A as an example for recombinant HRP produc-
ion. The mature HRP C1A gene (GenBank ID: HE963800.1) has been
odon optimized for production in P. pastoris (Abad et al., 2010b)
nd has been ordered as synthetic polynucleotide as described in
Näätsaari et al., 2014). To facilitate initial puriﬁcation by Ni2+ afﬁn-
ty chromatography, a hexahistidine tag was N-terminally fused to
ature HRP. A gene encoding the N57-I70 mutant signal pep-
ide was PCR-ampliﬁed using the primers shown in Supplementary
able 1 and pPpT4 alpha S (Näätsaari et al., 2012) as template.
he deletion mutant replaced the full length signal peptide in that
ector by double digest with SacI and XhoI, forming a new vector
erivative pPpT4 Dalpha S. Coexpression constructs were based on
 pPpKan S vector backbone (Näätsaari et al., 2012), resulting in
anamycin and geneticin resistant transformants of E. coli and P.
astoris, respectively. A codon-optimized synthetic gene encoding
di1 preexisted in our lab (Abad, unpublished data). Other gene
equences of coexpression partners were identiﬁed from P. pas-
oris wildtype genome sequences (Küberl et al., 2011; Sturmberger
t al., 2016), PCR-ampliﬁed from isolated genomic DNA (Harju et al.,
004) using the primers shown in Supplementary Table 1, and
loned into the pPpKan S vector by double digest with EcoRI and
otI. As a negative control for coproductions, eGFP (Vogl et al.,
013b; Waldo et al., 1999) was used as coproduction partner. PGAP-
riven expressions were performed using a pPpT4GAP S vector
ackbone (Näätsaari et al., 2012). A pPpT4 S-based vector back-
one (Näätsaari et al., 2012) was used for coexpressions with the
idirectional PHTX1 promoter as described recently (Geier et al.,
015; Vogl et al., 2013a). The individual vector parts were assem-
led using the primers shown in Supplementary Table 1, the vector
ap is shown in Supplementary Fig. 1.
.3. Screening procedure
Microscale cultivations were performed in DWPs similar to
Weis et al., 2004): P. pastoris strains were grown initially
n 250 L BMD1% minimal growth medium (11 g/L alpha-D(+)-
lucose monohydrate, 13.4 g/L YNB, 0.4 mg/L D(+)-biotin, 0.1 M
otassium phosphate buffer, pH 6.0) supplemented with 25 M
emin (Krainer et al., 2015) at 28 ◦ C, 320 rpm, 80% humidity.
AOX1-driven expression was induced by additions of 250 L
MM2  (1% v/v methanol, 13.4 gL YNB, 0.4 mg/L, D(+)-biotin, 0.1 M
otassium phosphate buffer, pH 6.0) after 60 h of growth in BMD1%,
ollowed by three additions of 50 L BMM10  each (5% v/v methanol,
3.4 gL YNB, 0.4 mg/L, D(+)-biotin, 0.1 M potassium phosphate
uffer, pH 6.0) 10, 24 and 48 h after the addition of BMM2.  After
pproximately 132 h after inoculation, volumetric HRP activity in
he supernatant was determined. In case of PGAP-regulated HRP
roduction, additions of BMM2  and BMM10  were substituted by
urther additions of the initial minimal growth medium. In case of
HTX1-regulated expression, 25 M hemin-supplemented BMG1%
edium (1% w/v glycerol, 13.4 g/L YNB, 0.4 mg/L D(+)-biotin, 0.1 M
otassium phosphate buffer, pH 6.0) was used.
.4. Strain and enzyme characterization
HRP gene dosage was determined based on a previously pub-
ished real-time PCR-based protocol (Abad et al., 2010a).
Volumetric HRP activities were determined by following a lin-
ar increase in absorbance at 405 nm over 1–3 min  upon mixing
f 15 L culture supernatant with 140 L assay solution (1 mM
BTS, 0.9 mM H2O2, 50 mM sodium acetate, pH 4.5) in a microtiter
late at room temperature. One unit was deﬁned as the amount ofhnology 233 (2016) 181–189 183
enzyme required to oxidize 1 mol  of ABTS under the assay con-
ditions described above. Protein concentrations were determined
using the Bradford-based Bio-Rad protein assay (Bio-Rad, Austria)
with different concentrations of bovine serum albumin as standard.
Speciﬁc HRP activities were determined by calculating the ratio of
volumetric HRP activity over the total protein concentration in the
sample. The purity of the ﬁnal recombinant HRP preparation was
veriﬁed by determination of the Reinheitszahl (Rz), i.e. the ratio of
A403 over A280, i.e. the absorbances of the heme cofactor at the
Soret band and aromatic amino acids, respectively (Theorell et al.,
1950).
2.5. Bioreactor cultivations
Media: Buffered minimal glycerol yeast medium (BMGY):
10 g/L YE, 13.4 g/L YNB, 20 g/L BactoTM tryptone, 12.6 g/L glyc-
erol, 0.4 mg/L D(+)-biotin, 100 mM potassium phosphate, pH 6.
Trace element solution (PTM1): 5.99 g/L CuSO4·5H2O, 0.08 g/L KI,
3 g/L MnSO4·H2O, 0.2 g/L Na2MoO4·2H2O, 0.02 g/L H3BO3, 0.92 g/L
CoCl2·6H2O, 42.18 g/L ZnSO4·7H2O, 65 g/L FeSO4·7H2O, 5 mL/L
95–98% H2SO4. Basal salts medium (BSM): 40 g/L ≥98% glycerol,
4.25 mL/L 85% phosphoric acid, 0.17 g/L CaSO4·2H2O, 0.22 g/L NaCl,
0.64 g/L KOH, 2.86 g/L K2SO4, 14 g/L MgSO4·7H2O, 4.36 mL/L PTM1,
0.87 mg/L D(+)-biotin, 0.2 mL/L Glanapon DG  160.
Cultivation procedure:  Bioreactor cultivations were performed
either in 6.9 L BIOSTAT® Cplus or 1.2 L BIOSTAT® B bioreactor sys-
tems (Sartorius, Germany). NH4OH was used as nitrogen source and
to set and maintain pH 6. A minimum dO2 of 30% was set under cas-
cade control settings. Two  50 mL  precultures were grown in BMGY
for two days at 28 ◦ C, 90 rpm, 80% humidity, then centrifuged at
500 x g, 22 ◦C, 5 min, and resuspended in a ﬁnal volume of 50 mL.
Batch cultivations were started by aseptic addition of this inoculum
to BSM (4.8 mL/L sterile PTM1 and 4.8 mL/L sterile D(+)-biotin were
added after autoclaving) and grown until glycerol was depleted as
indicated by an increase in dO2. In case of PAOX1-driven expres-
sions, 67 g of glycerol per L of initial batch volume were fed over
7 h after the initial batch cultivation as described in the “Pichia Fer-
mentation Process Guidelines
′′2 For induction, 2.5 g/h of methanol
per L of initial batch volume were fed for at least 130 h.
In case of PGAP-driven HRP expression, 537 g of alpha-D(+)-
glucose monohydrate per L of initial batch volume were fed over
a total cultivation time of 96 h, based on a previous publication
describing a combination of glycerol batch and glucose fed-batch
phases as most beneﬁcial for recombinant expression with PGAP
(Garcia-Ortega et al., 2013).
In case of PHTX1-driven expressions, 398 g of glycerol per L of
initial batch volume were fed over 68 h after glycerol batch culti-
vation.
In order to effectively saturate secreted apospecies of HRP, an
excess of 40 M hemin was  added (Krainer et al., 2015) prior to
starting the methanol feed for PAOX1 strains. In case of PGAP- or
PHTX1-regulated expressions, 40 M hemin was already added to
the initial batch phase.
After cultivation, cells were harvested (17700 x g, 4 ◦C, 40 min)
and the supernatant was  ﬁltered (cellulose acetate ﬁlter, 0.2 m
pore size; Sartorius GmbH) prior to storage at 4 ◦C.
Sample handling: Samples were taken regularly throughout
bioreactor cultivations to determine HRP activity and total protein
concentration. HRP activities in the supernatant were determined2 https://tools.thermoﬁsher.com/content/sfs/manuals/pichiaferm prot.pdf (last
accessed May  2016)
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Fig. 1. HRP landscapes from secretion studies. Bars represent volumetric HRP activities secreted by transformant strains. The ﬁrst bar is an average value of a reference
production strain secreting HRP with an unaltered mating factor alpha prepro signal peptide under PAOX1 control; error bars are standard deviations from at least triplicates.
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ignal peptide lacking C-terminal Glu-Ala repeats (white) or a N57-I70 mutant of
black), Ste13 (white) or Kex2 (gray) with PAOX1.
.6. Puriﬁcation of recombinant horseradish peroxidase
Buffer changes and concentrations were performed using
ivaﬂow® 50 cassettes (30 kDa MWCO) and Vivaspin® 20 tubes
3 kDa MWCO) (both Sartorius, Germany). Cultivation supernatant
as concentrated and changed to calcium-supplemented tris-
uffered saline (Ca-TBS; 1 mM CaCl2, 150 mM NaCl, 50 mM Tris,
H 7.5 set with HCl) prior to loading on a 5 mL  HisTrap FF column
GE Healthcare, Austria) on an ÄKTA pure system (GE Healthcare).
fter washing with at least ﬁve column volumes, bound protein was
luted with 200 mM imidazole in Ca-TBS. Unbound HRP from load-
ng and washing fractions was reloaded on the column for reduced
nzyme loss. Pooled elution fractions were concentrated to <1 mL
nd loaded on a HiLoadTM 16/600 SuperdexTM 200 prep grade col-
mn  (GE Healthcare) for polishing. Isocratic elution was  performed
ith Ca-TBS buffer at a ﬂowrate of 0.3 mL/min. HRP containing frac-
ions were pooled, concentrated and the ﬁnal speciﬁc activity of the
uriﬁed preparation was calculated.
. Results and discussion
.1. Horseradish peroxidase secretion
The S. cerevisiae mating factor alpha prepro signal peptide is
ost commonly used to facilitate efﬁcient secretion of recombi-
ant proteins by P. pastoris. Ste13 mediates cleavage between the
-terminus of the signal peptide and the N-terminus of the tar-
et protein in Glu-Ala repeats, albeit in a heterogeneous fashion
Bourbonnais et al., 1988), resulting in HRP species with N-terminal
la-Glu-Ala or Glu-Ala-Glu-Ala residues as veriﬁed by mass spec-creting HRP with an unaltered mating factor alpha prepro signal peptide (black), a
gnal peptide (gray). B, landscapes of strains coproducing HRP with eGFP as control
trometry (not shown). In order to test whether this heterogeneous
processing might indicate a bottleneck in HRP secretion we  fol-
lowed two  independent approaches. We  removed the Glu-Ala
repeat-encoding nucleotide sequence from the 3′ end of the signal
peptide CDS. However, HRP expression landscapes were reduced
by at least 50% compared to the production strain with full length
signal peptide indicating dramatically reduced secretion efﬁciency
(Fig. 1A, white bars). Thus, we attempted to go the other direction
and tried to enhance Ste13 activity by PAOX1-driven coexpression
of STE13.  In addition, we  tested whether processing of the signal
peptide by Kex2 was  limiting HRP secretion and coexpressed KEX2
with PAOX1. To get a default coexpression landscape as control
we recorded activity data from HRP strains coproducing eGFP with
PAOX1 which we  assumed not to interfere with HRP production. In
addition, by measuring eGFP ﬂuorescence we  could verify the gen-
eral functionality and applicability of the employed coexpression
plasmid backbone (Supplementary Fig. 2). Neither coexpression
of STE13 nor of KEX2 proved to be beneﬁcial for HRP secretion as
HRP expression landscapes were generally reduced upon peptidase
coproduction compared to the control landscape in both cases, as
shown in Fig. 1B.
Based on a recent study on enhanced HRP secretion due to the
use of a deletion mutant (N57-I70) of the mating factor alpha
prepro signal peptide (Lin-Cereghino et al., 2013), we  tried to repro-
duce the beneﬁcial effect of this particular mutant. Judging from
the HRP expression landscape (Fig. 1A, gray bars), there indeed
seemed to be a tendency for augmented secretion (approximately
30%) when compared to the landscape of strains secreting HRP with
an unmutated full-length signal peptide (Fig. 1A, black bars).
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Fig. 2. HRP landscapes from coproduction of HRP with either Pdi1 or active Hac1. Bars represent volumetric HRP activities secreted by transformant strains. Landscapes of
strains coproducing HRP with eGFP as control (black), Pdi1 (white) or active Hac1 (gray) with PAOX1 are shown. The ﬁrst bar is an average value of a reference production
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Fig. 3. HRP landscapes with PAOX1-, PGAP- or PHTX1-regulated expression. Bars represent volumetric HRP activities secreted by transformant strains. Landscapes of strains
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.2. Cellular stress upon peroxidase production
HRP seems to be a challenging protein for P. pastoris to produce
nd secrete, as reﬂected by typical titers of approximately 1 mg/L
Morawski et al., 2001, 2000). To some extent, the need for forma-
ion of four disulﬁde bridges (Gajhede et al., 1997; Welinder, 1976)
o yield correctly folded and active HRP might be hold accountable.
hus, we evaluated a potentially alleviating effect of coexpressed
DI1 on HRP folding. However, a HRP expression landscape of
trains coexpressing PDI1 with PAOX1 did not show a beneﬁcial
ffect (Fig. 2, white bars). Comparable results were found when
DI1 coexpression was regulated by either the strong constitutive
romoter PGAP or the promoter PCAT which is active in the absence
f glucose or glycerol and further induced on methanol (Vogl et al.,
013a).
Therefore, we focused on a more systemic approach to deal with
otential cellular stress. By coexpressing active HAC1 with PAOX1,
e aimed to activate the UPR (Guerfal et al., 2010; Valkonen et al.,
003) and hereby eliminate or at least reduce any stress-related
ottleneck effects on HRP productivity. Notably, this strategy
esulted in an expression landscape that rose over the control land-
cape (Fig. 2, gray bars). Active Hac1 triggers the expression of
everal UPR genes (Kaufman, 1999; Travers et al., 2000), appar-
ntly altering the cells’ physiological state to conditions that are
ore suitable for HRP production.RP and active Hac1 (gray) are shown. The ﬁrst bar is an average value of a reference
de under PAOX1 control; error bars are standard deviations from at least triplicates.
3.3. Methanol-independent production of horseradish peroxidase
Inducible expression with the promoter PAOX1 is most com-
monly performed for recombinant protein production in P. pastoris.
However, target protein production with the strong constitu-
tive promoter PGAP offers an attractive alternative for expression
independent from methanol (Vogl and Glieder, 2013). When we
performed microscale cultivations in DWPs using PGAP to drive
HRP expression, we found HRP activities slightly reduced com-
pared to the expression landscape of PAOX1-driven HRP strains
(Fig. 3). It has to be kept in mind however, that cultivations in
DWPs only provide suboptimal conditions (i.e. limited O2 supply,
non-constant feeding) which limit cell growth and consequently
the potential of PGAP-driven expression. In order to combine
methanol-independent HRP production with the beneﬁcial copro-
duction of active Hac1 (Fig. 2), four distinct approaches were
assessed: Transformations of the strain producing HRP with PGAP
with additional vectors for coexpression of active HAC1 with either
of the constitutive promoters PGAP, PADH2 or PPGI1 (Vogl et al.,
2015) did not result in positive transformants. This result is indica-
tive of metabolically overburdened cells, likely as a consequence of
the combined stress of having to deal with two  antibiotics as well
as with the constitutive coproduction of HRP and Hac1. Therefore,
coexpression of active HAC1 with these promoters was  not followed
up at this point. Intriguingly however, we  obtained promising
results when we employed a novel bidirectional promoter, PHTX1.
In vivo, the bidirectional activity of the PHTX1 promoter drives
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Table 1
HRP activities from bioreactor cultivations of HRP producing strains. Volumetric and speciﬁc HRP activities, space-time-yields (STY), HRP titers in the cultivation supernatant
and  cultivation times are shown. Errors are 20% by default.
strain description volumetric HRP activity U/mL STY U/L/h speciﬁc HRP activity U/mg HRP titer mg/L cultivation time h
PAOX1-HRP 50 ± 10 299 ± 60 9 ± 2 25 ± 5 167
PAOX1-HRP, PAOX1-Hac1 52 ± 10 650 ± 130 684 ± 137 26 ± 5 80
PGAP-HRP  205 ± 41 2531 ± 506 157 ± 31 102 ± 20 81
HRP-PHTX1-Hac1  266 ± 53 4750 ± 950 505 ± 101 132 ± 26 56
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Fig. 4. Bioreactor cultivations of HRP producing strains. A, PAOX1-regulated HRP reference strain, HRP secretion with full-length S. cerevisiae mating factor alpha prepro signal
peptide; B, PAOX1-regulated coexpression strain, HRP secretion with N57-I70 mutant of the signal peptide, coexpression of active HAC1; C, PGAP-regulated constitutive
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he  signal peptide, coexpression of active HAC1. Black squares, volumetric HRP activ
n  supernatant).
he simultaneous expression of core histone genes (Geier et al.,
015; Vogl et al., 2013a). PHTX1 facilitated simultaneous and strong
onstitutive production of both, HRP and Hac1, by use of a sin-
le plasmid (Supplementary Fig. 1). In analogy to PAOX1-regulated
oexpression of active HAC1, the HRP expresssion landscape of the
ethanol-independent approach using PHTX1 generally surpassed
he controls (Fig. 3, gray bars). Further comparative strain charac-
erizations were performed in bioreactor cultivations, allowing cell
rowth to high cell densities under controlled conditions.
.4. Production of recombinant horseradish peroxidase in
ioreactor cultivations
In order to comparatively assess the performance of the follow-
ng HRP producing P. pastoris strains under controlled conditions
e performed bioreactor cultivations:
 A strain secreting HRP with a full-length signal peptide with
PAOX1 as state-of-the-art reference.gulated bidirectional coexpression strain, HRP secretion with N57-I70 mutant of
nits per mL  supernatant); gray triangles, speciﬁc HRP activity (units per mg protein
- A strain secreting HRP with the mutant signal peptide (Lin-
Cereghino et al., 2013) and coexpressing active HAC1 (both with
PAOX1).
- A strain producing HRP (secreted with the mutant signal pep-
tide) with PGAP to allow evaluation of methanol-independent,
constitutive expression.
- A strain coproducing active Hac1 and HRP (secreted with the
mutant signal peptide) with the bidirectional PHTX1 promoter, as
the most promising expression setup from the microscale screen-
ings.
When HRP production was  PAOX1-regulated, cells were ﬁrst
cultivated as glycerol batch cultures, then grown in glycerol fed-
batch cultivations, and ﬁnally fed methanol to induce target protein
production. During induction with methanol, cell growth was
neglectable due to the MutS phenotype of the employed strain
background (Krainer et al., 2012). When HRP production was PGAP-
regulated, cells were also ﬁrst cultivated in a glycerol batch culture
but then fed growth-limiting amounts of glucose (Garcia-Ortega
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t al., 2013). The PHTX1-regulated strain was fed growth-limiting
mounts of glycerol after the initial batch phase. The OCH1-encoded
annosyltransferase activity was inactivated in all strains to obtain
omogeneously glycosylated HRP (Krainer et al., 2013a,b) which
an be puriﬁed by gel ﬁltration to the highest degree possible for
RP, i.e. to a Rz of 3 (Theorell et al., 1950). In contrast to a recent
tudy on a fed-batch process with the same och1 strain (Gmeiner
t al., 2015), we did not experience foam formation under any con-
itions.
Striking differences were observed among the studied strains
n terms of both, volumetric and speciﬁc HRP activities (Table 1,
ig. 4). In terms of volumetric HRP activity, the two strains produc-
ng HRP under PAOX1 control produced similar amounts of HRP.
owever, the strain coexpressing active HAC1 reached this level of
olumetric HRP activity already after 80 h, i.e. in half the time of
he reference strain. Also, despite comparable cell densities in both
ases, the speciﬁc HRP activity from the HAC1 coexpression strain
as almost two orders of magnitude higher than from the refer-
nce strain, indicating substantially reduced cell lysis and hence
educed contamination with non-HRP proteins when active HAC1
as coexpressed. Concerning HRP production with PGAP, overall
rocess handling required less hands-on time due to the indepen-
ence from a methanol induction phase. Moreover, HRP production
ith PGAP resulted in up to 4-fold higher volumetric HRP activity
Table 1, Fig. 4.C) compared to production with PAOX1. PGAP-driven
RP production also yielded higher speciﬁc HRP activity than the
eference strain due to the generally higher volumetric activity
ompared to the reference strain. Owing to the high cell density
roduced by the constant feed of glucose however, increased cell
ysis towards the end of the cultivation caused higher total pro-
ein concentrations and thus still lower speciﬁc HRP activity than
he PAOX1-regulated HAC1 coexpression strain. PHTX1-regulated
oproduction of active Hac1 and HRP even yielded more than 5-
old higher volumetric activity than the PAOX1-regulated strains
Table 1, Fig. 4D). Similar to the PAOX1-regulated HAC1 coexpres-
ion strain, PHTX1-driven coexpression of active HAC1 allowed
igher speciﬁc HRP activity than constitutive PGAP-driven produc-
ion of HRP alone and reduced total process time at even higher
olumetric activity yield, as reﬂected in an enhanced space-time-
ield (Table 1).
By applying an easy-to-do two-step puriﬁcation protocol
omprising Ni2+ afﬁnity chromatography and size exclusion chro-
atography we puriﬁed our recombinantly produced HRP to a
nal speciﬁc activity of 2008 ± 97 U/mg at Rz ∼3 (Fig. 5), which
s slightly higher than the recently published activity for recombi-
ant HRP from Cryptococcus sp. S-2 of 1569 U/mg (Utashima et al.,
014) and comparable to commercial preparations of the highest00 prep grade column; approximately 1 mL sample volume; 0.3 mL/min ﬂow rate;
purity (e.g. P6782 Sigma-Aldrich). By use of the P. pastoris strain
PpFWK3 the secreted recombinant HRP was homogeneously glyco-
sylated and eluted as a uniform peak from the size exclusion column
(Fig. 5) as described previously (Krainer et al., 2013a,b). Based on the
determined speciﬁc activity of the puriﬁed HRP preparation and a
volumetric activity of 266 U/mL in the cultivation supernatant, we
calculated a HRP concentration of approximately 132 mg  of HRP
per liter of supernatant with PHTX1-driven coproduction of HRP
and active Hac1 after 55.6 h (Table 1).
4. Conclusion
In this study, we systematically evaluated rationally selected
strategies to enhance HRP production in P. pastoris. In terms of
secretion efﬁciency, we conﬁrmed a potentially beneﬁcial effect of a
N57-I70 mutant of the mating factor alpha prepro signal peptide
as suggested by (Lin-Cereghino et al., 2013), although to a lesser
extent than in the original study. Strategies on improving the pro-
cessing of the signal peptide by either Kex2 or Ste13 were found
disadvantageous.
In order to alleviate intracellular stress due to accumulating
unfolded protein in the ER we  tested coproduction of the chaperone
and protein disulﬁde isomerase Pdi1, and of active Hac1, an UPR-
regulating transcription factor. We  did not observe any beneﬁcial
effect on HRP production when PDI1 was  coexpressed, indicating
that disulﬁde bridge formation is not limiting HRP secretion. How-
ever, by taking the systemic approach of coexpressing active HAC1
we observed increased levels of HRP activity in microscale screen-
ings. The advantages of this coexpression strategy were further
reﬂected by the obtained bioreactor data that showed a particu-
larly high speciﬁc HRP activity and a volumetric activity that was
at least as high as a reference strain but in considerably shorter
process time.
Microscale screenings of methanol-independent HRP produc-
tion with either the PGAP or the PHTX1 promoter in DWPs already
indicated HRP titers that were competitive to PAOX1-regulated
expression. By cultivating a strain with the novel bidirectional
PHTX1 promoter (Vogl et al., 2013a) for methanol-independent
coproduction of active Hac1 and HRP in a bioreactor we observed
very high volumetric HRP activity of 266300 U/L  after 55.6 h of
cultivation time. To the best of our knowledge, this enzyme titer
represents the currently highest concentration of recombinantly
produced HRP from P. pastoris as well as other yeast systems.In conclusion, by deﬁning an appropriate and efﬁcient pro-
moter system, enzyme secretion signal, coexpression partner and
production process we advanced the recombinant production of
a secretory plant peroxidase from 1 mg/L (Morawski et al., 2001,
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000) to more than 130 mg/L within 56 h of cultivation. How-
ver, we are far from reaching the end of the line and additional
tudies are likely to increase these yields even further. Additional
trategies, such as the coexpression of AFT1 (Ruth et al., 2014) or
ngineering of the sorting receptor Vps10 of the Golgi (Fitzgerald
nd Glick, 2014) remain yet to be assessed for their potential
o enhance HRP secretion. Moreover, assessment of additional
ifferently regulated promoters and promoter combinations for
idirectional HRP expression or coexpressions are a matter of ongo-
ng studies.
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